Tropopause polar vortices are coherent circulation features based on the tropopause in polar regions. They are a common feature of the Arctic, with typical radii less than 1500 km and lifetimes that may exceed 1 month. The Arctic is a particularly favorable region for these features due to isolation from the horizontal wind shear associated with the midlatitude jet stream, which may destroy the vortical circulation. Intensification of cyclonic tropopause polar vortices is examined here using an Ertel potential vorticity framework to test the hypothesis that there is an average tendency for diabatic effects to intensify the vortices due to enhanced upper-tropospheric radiative cooling within the vortices. Data for the analysis are derived from numerical simulations of a large sample of observed cyclonic vortices over the Canadian Arctic. Results show that there is on average a net tendency to create potential vorticity in the vortex, and hence intensify cyclones, and that the tendency is radiatively driven. While the effects of latent heating are considerable, they are smaller in magnitude, and all other diabatic processes have a negligible effect on vortex intensity.
Introduction
Tropopause polar vortices (TPVs) are a commonly observed feature of the Arctic that exist on daily to monthly time scales. Although both cyclones and anticyclones are observed, we focus here on cyclonic TPVs because these features may excite surface cyclones and, through their cloud fields, affect the Arctic radiation budget. Although numerous and long lived, little is known with regard to factors that control their intensity. These upper-level disturbances are defined by closed material contours on the dynamic tropopause [a potential vorticity (PV) surface], implying that under adiabatic conditions, their fluid properties are isolated from the background environment for which they exist. It is well understood that upper-level disturbances can play a major role in extratropical cyclogenesis (e.g., Holton 2004, chapters 8-9) , and that tropopause vortices function in this capacity when captured by the jet stream (e.g., Hakim et al. 1995; Bosart et al. 1996; Hakim et al. 1996) . Although many processes may promote the intensification of TPVs, such as Rossby wave breaking, gravity wave breaking, downstream energy propagation, turbulent diffusion, and diabatic effects, lateral wind shear is relatively weak in the high-latitude regions where TPVs are most common. This fact, combined with observations of nearly moist adiabatic lapse rates and clouds in the vicinity of vortex cores (Cavallo and Hakim 2009, hereafter CH09) , are indications that diabatic effects may be essential to their maintenance and intensification. In this paper, we seek to quantify the significance of these diabatic effects, and to determine the process with the greatest impact on vortex intensity.
The motivation to understand TPVs derives in part from the observation that surface cyclogenesis precursors may be vortical, rather than wavelike (e.g., Hakim 2000) . Such features are well identified by the PV field and, assuming that PV and potential temperature are conserved, a single PV surface that defines the ''dynamic tropopause'' allows these features to be tracked at one level (e.g., Morgan and Nielsen-Gammon 1998) . When viewed from this perspective, upper-tropospheric disturbances can sometimes be tracked for weeks before the occurrence of surface cyclogenesis (e.g., Hakim et al. 1995; Bosart et al. 1996; Hakim et al. 1996) . Observations show that these disturbances are characterized by sometimes narrow, downward intrusions of stratospheric air to much lower atmospheric levels (e.g., Uccellini et al. 1985; Davis and Emanuel 1991; Hakim 2000) . Hakim (2000) analyzed a 33-yr climatology of these disturbances on the tropopause, and found many were coherent vortices with radii of approximately 500-800 km, tropopause potential temperature amplitudes of at least 8 K, and a downward intrusion of the tropopause to approximately 600 hPa. Using a 51-yr climatology , Hakim and Canavan (2005) subsequently found that TPVs exhibited preferential track locations, moved equatorward on average, and could have lifetimes of over 1 month.
The climatology of Hakim and Canavan (2005) was extended by CH09, where it was found that TPV cyclogenesis, as well as cyclone intensification, occur in preferential locations, with the highest probability over Baffin Island in the Canadian Arctic. In addition, no significant relationship with the large-scale flow patterns was identified, and observations from radiosondes near the vortex cores suggested the importance of diabatic effects, as evidenced by the prevalence of moist adiabatic temperature profiles through the depth of the troposphere. CH09 performed a complete PV budget analysis of a single case of an intensifying cyclonic TPV and showed that radiative cooling, enhanced near the top of the cloud layer, acted to intensify the vortex while latent heating promoted weakening. Cloud-top radiative cooling dominated, leading to a net intensification of the vortex. The goal of the present study is to assess the generality of these results by testing the hypothesis that radiative processes are responsible for the maintenance and intensification of cyclonic TPVs. A PV diagnostic approach is applied to numerical simulations of a large sample of cases to gather the composite diabatic tendencies associated with TPVs in a region of the Arctic where they occur most frequently.
The remainder of the paper is organized as follows. The methods used to quantify TPV intensification using a PV diagnostics approach are discussed in section 2. A description of the numerical model and the procedure for identifying TPVs in the model data are also provided in section 2. Verification of the model simulations is given in section 3. Results from a large sample of TPVs are examined and discussed in section 4, including a component-wise examination of the diabatic PV tendencies. The summary and conclusions are given in section 5.
Method
CH09 perform a complete budget of the Ertel potential vorticity (EPV) tendency equation (e.g., Pedlosky 1998) for a cyclonic TPV and showed that TPV intensity change could be attributed significantly to diabatic processes, while frictional effects due to momentum transfer were negligible near the tropopause. That is, vortex intensity is defined here by EPV,
where r is the density, v a 5 v 1 2V 5 $ 3 U 1 2V is the absolute vorticity, U 5 (u, y, w) is the threedimensional velocity vector, and V is the earth's rotational vector. Changes in TPV intensity can then be reasonably well quantified when considering diabatic effects alone using the EPV tendency equation:
The time rate of change following the fluid is given by
the gradient operator by
and the potential temperature by
where T is temperature, p is pressure, p o 5 10 5 Pa is a standard constant, R 5 287 J K 21 kg 21 is the dry air gas constant, and c p 5 1004 J K 21 kg 21 is the specific heat capacity of dry air at constant pressure. Note that in the subsequent analysis, the above equations are transformed to isobaric coordinates, where the hydrostatic approximation is then applied to compute v a and P.
In this study, we use a numerical model described below to quantify the composite EPV tendencies of cyclonic TPVs using an isobaric version of (2). Diabatic tendencies are computed using the model's thermodynamic energy equation, which takes the following form:
where _ u rad , _ u lh , _ u pbl , _ u cumulus , and _ u mix are the diabatic tendencies due to parameterizations of radiation, latent heating, planetary boundary layer processes (i.e., sensible and latent heat fluxes, local and nonlocal boundary layer mixing, and entrainment), convection, and dissipation, respectively. The tendency terms of the righthand side of (3) are then used to calculate the EPV tendencies given by (2). CH09 used this method in a case study of a particularly long-lived, large amplitude, cyclonic TPV. It was found that the radiation term in (3) contributed most significantly to vortex intensification, and although latent heating acted to weaken the vortex, the net effect of latent heating was smaller than radiation. (Mlawer et al. 1997) , the National Aeronautics and Space Administration (NASA) Goddard shortwave radiation (Chou and Suarez 1994) , WRF single-moment (WSM) 5-class microphysics (Hong et al. 2004 ), Kain-Fritsch cumulus convection (Kain and Fritsch 1993) , Yonsei University (YSU) planetary boundary layer (Hong and Pan 1996) , thermal diffusion surface physics (Chen and Dudhia 2001a,b) , and Monin-Obukhov surface layer physics (Paulson 1970; Dyer and Hicks 1970; Webb 1970) . Forecasts are initialized using Global Forecasting System (GFS) analyses at 0000 UTC daily, with boundary conditions derived from GFS forecasts every 3 h. The simulations are performed on a polar stereographic map projection, with a center latitude and longitude of 68.468N and 81.148W with 120 x and y grid points, respectively.
The model domain is shown in Fig. 1 , which corresponds to a region in the Canadian Arctic. Regions of high density for cyclonic TPV intensity change have previously been determined by CH09 using 2.58 National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data every 6 h during 1948-99 (Kalnay et al. 1996) . Vortices were tracked using a tracking algorithm described in Hakim and Canavan (2005) , and intensification refers to the location of the greatest increase in amplitude during a 24-h period along a unique vortex track. The data show that the densest region is found near northern Baffin Island in the Canadian Arctic. To maximize the cyclone sample potential, a domain was chosen to surround this most likely climatological region. Consideration of the domain location is also based on the expected southward motion of cyclones out of the Arctic shown by Hakim and Canavan (2005) . Another advantage of this particular domain is the presence a relatively dense radiosonde network, which provides an additional observation source in the model analyses used for verification. The model simulations were performed in real time during the 2-yr period.
b. Vortex identification
Cyclonic vortices are objectively identified using the following procedure. First, the minimum potential temperature on the dynamic tropopause, defined as the 2-
) surface, is determined at the analysis time. If the minimum value is at least two standard deviations below the domain mean, then the data are further considered as a possible vortex to be included in the composite sample. This threshold is intended to retain only those cyclones with minimum tropopause potential temperature values significantly lower than the background; however, if the variance about the domain-mean value is small, the vortex amplitude does not need to be large to meet this condition. A vortex is included in the composite sample if it lies entirely within the bounds of the domain. This condition is satisfied if a sign reversal in the gradient of potential temperature can be found in each direction along eight equally spaced radials. The minimum tropopause potential temperature value along the eight radials at the location of the sign reversal is defined as the last closed contour, and vortex amplitude is defined as the absolute difference between the last closed contour and the core value. Composite maps are created by averaging all fields along a west-east line relative to the grid point corresponding to the vortex core. No data within five grid points of the domain boundaries are used at any time and are not included in the composite sample. Since the fields are averaged relative to the vortex core on a fixed domain, the distance of the vortices from the domain edge is different for each sample, and the number of data points is greatest within the composited vortex and decreases radially outward. Because of the limited geographical area covered by the domain, it is not possible to objectively track cyclonic TPVs through their entire life span. Although vortices can be tracked within the domain, we choose instead to focus on their composite structure with attention given to the mechanisms of intensity change. Therefore, the number of vortex samples does not correspond to the number of individual vortex tracks, and simply represents a count of the vortex samples using the criteria above. With these criteria, a total of 568 vortex samples have been obtained during the period 2 August 2007-31 July 2009, out of 683 total model simulations.
To assess the impact of the filtering process described previously, which is designed to isolate well-resolved vortices, an unfiltered set of vortices is defined using the same criteria described above, except that all vortices in the domain are included and no amplitude threshold is applied. Note that in the unfiltered set, multiple vortices can be associated with a single analysis, whereas only one vortex is retained using the filtering criteria. Results show that cyclones have an average radius of 465 km, while the unfiltered cyclones have an average radius of 358 km taken from 1997 samples (Fig. 2a) . Radii from both samples are generally less than 1000 km with the peak in the distribution occurring near the mean. Small cyclones are preferentially eliminated by the filter, with the peak reduction at a radius of 275 km. The average cyclone amplitude is 20.7 K in the composite data and 14.3 K in the unfiltered sample (Fig. 2b) . These results indicate that filtering eliminates mainly smaller-amplitude, smaller-scale vortices, with the greatest reduction in vortices with amplitudes around 8 K; some of these features are grid-scale noise, whereas others may be physically relevant. In both samples, a rather long tail is present in the amplitude distribution, with cyclone amplitudes reaching 50 K. We now proceed to assess the bias in the model simulations by comparison to GFS analyses.
Tropopause polar cyclone verification
WRF simulations are verified here against gridded GFS analyses. Observation-based verification was not used because direct measurement of the vortex core is infrequent, and satellite radiance observations add an extra degree of difficulty to this approach. Moreover, the observational information informs the gridded analyses through data assimilation, which consistently spreads information from observations across the GFS grid. The GFS model has a native horizontal resolution of T382 that is regridded to a latitude-longitude grid with a resolution of 18 in the data used for this study. Of greatest importance here is the model bias, B, which, for a particular field at grid point j, is defined as the average error of the WRF forecast relative to GFS analysis: Here, N is the sample size, W i,j is the WRF forecast field of sample i at grid point j, and G i,j is the GFS analysis field of sample i at grid point j. GFS fields are interpolated to the WRF grid so that the calculation above is performed on one numerical grid.
WRF tropopause potential temperature forecast biases are shown in Fig. 3 . Biases in both the 24-and 48-h WRF forecasts are generally less than 1.5 K in magnitude and there is no clear sign preference in the domain. Biases are higher in localized areas, and appear to be largest in magnitude near radiosonde stations. This result probably reflects the assimilation process, since the GFS analyses are based upon a weighting of observations and a 6-h forecast (Derber et al. 1991) , whereas no observation adjustments are made in the WRF forecasts. For 48-h forecasts, the bias pattern is roughly similar to, but larger in magnitude than the 24-h forecasts. The largest biases are present near Cambridge Bay, Nunavut, The Pas, Manitoba, and Aasiaat, Greenland. Given that both tropopause potential temperature and EPV are highly derived quantities, we conclude that WRF forecasts are reasonably consistent, on average, with the GFS analyses.
Next we consider vortex-relative bias, where fields are averaged relative to each vortex core. Both the WRF and GFS vortex cores are found using the same filtering criteria described above, and furthermore must be located within 650 km of each other to be considered the same vortex. Sample frequency decreases away from the vortex core so that there is less confidence in the bias near the domain edges. At the vortex core on the tropopause, 24-h forecasts of WRF potential temperature are nearly 1 K lower than GFS analyses, while biases decrease radially outward, indicating a slightly stronger vortex in the WRF forecasts than is analyzed, on average (Fig. 4a) . Note that this apparent difference in vortex strength could arise from interpolation of the relatively course GFS fields to the finer WRF grid. Away from the vortex, WRF forecasts have a positive bias at nearly all levels, with the smallest biases near the tropopause. Note that, especially away from the vortex core, there is an implied bias in lapse rates, with WRF lapse rates slightly greater (less) than GFS in the upper (lower) troposphere. WRF 24-h water vapor mixing ratio is biased to smaller values to the east of the vortex core, and along the tropopause (Fig. 4b) . Bias in 500-hPa geopotential height (Fig. 4c ) reflects lower 500-hPa heights in the 24-h WRF forecasts, and a southeastward displacement of the location of the 500-hPa height minimum compared to GFS analyses. A similar pattern is apparent in tropopause potential temperature, with values southeast of the vortex core approximately 2 K lower in WRF 24-h forecasts, again reflecting displacement of the vortex core (Fig. 4d) . The biases observed here are potentially attributable to some extent to different horizontal grid resolution. The WRF grid is evenly spaced with 30-km horizontal resolution, whereas the GFS grid spacing is 111 km 3 ;40 km in the zonal and meridional directions, respectively, at the center of the domain. In any event, the bias appears to be associated mainly with a position shift of the vortex and is small in magnitude compared to the results of the diagnostic analysis presented in the following section.
Composite structure a. Annual structure
Tropopause polar cyclone density during the 2-yr period is greatest along the northwestern tip of Baffin Island, Canada, as well as in the northern portions of Ellesmere Island, Canada, and northern Greenland (Fig. 5) . Other areas of relatively large density include northern Baffin Bay and the northern Canadian Archipelago region. The region of large cyclone density over northern Baffin Island is located near the region of maximum cyclone intensification (cf. Fig. 1 ) and event density (Hakim and Canavan 2005) found in the NCEP-NCAR reanalysis climatology.
To compare the composite vortex data to the background environment, unconditional 1 composites are also performed along a fixed cross section, oriented from west to east near the center of the domain, in close proximity to radiosonde stations near Fort Smith, Baker Lake, Coral Harbour, and Iqaluit (see Fig. 3 ). The fixed cross section is referred to here as the background cross section, and anomalies are defined as the difference between the vortex-relative composite and the background composite (vortex composite 2 background composite). Although vortices may be sampled as part of the background, we expect their distribution is random, having a minor effect on the background; results shown subsequently confirm this expectation. A fixed point near the center of the cross section, near the Coral Harbour radiosonde station, is chosen to represent a background sounding for comparison with profiles in the vortex core. For the vortex-core composite, the tropopause (2-PVU surface) is located near ;600 hPa, which compares with ;350 hPa in the background (Fig. 6a ). Temperature anomalies with respect to the background sounding are negative in the troposphere and positive in the stratosphere above ;375 hPa, with the greatest anomalies located around 700 and 250 hPa, respectively (Fig. 6b) . Relative humidity anomalies follow roughly the same pattern as temperature but are of opposite sign, with the greatest anomalies located around 800 and 375 hPa in the troposphere and stratosphere, respectively. A positive EPV anomaly is found at nearly all levels, with a peak near 300 hPa.
Seasonal variations are evident in the vortex core profiles (Fig. 7) . In winter and spring, tropospheric lapse rates are relatively small, with a poorly distinguished tropopause near 600 hPa (Figs. 7a,b) . Moreover, only a relatively subtle temperature and dewpoint transition exists across the tropopause during winter and spring. Tropospheric lapse rates are larger in summer, with an average in the vortex of ;7.4 K km humidity, especially in the lower troposphere (Fig. 7c) . The tropopause is well defined in summer, located near 500 hPa. The well-defined summer tropopause is consistent with the findings by Randel et al. (2007) , where data from GPS radio occultation observations showed a stronger tropopause temperature inversion in polar regions during the summer. Furthermore, they suggested that the strength of the inversion may be related to the radiative effects of water vapor and ozone, which also exhibit similar seasonal variations. The radiative seasonal variations and its impact on the EPV tendency structure of cyclonic TPVs will be explored in greater detail in section 4b. In autumn, the vortex tropopause lowers to ;575 hPa, and tropospheric lapse rates decrease to ;6.6 K km 21 (Fig. 7d) . In all seasons, the difference in tropopause pressure between the vortex core and background environment varies little from ;200 to 250 hPa, with a slightly larger value in the autumn.
Regarding the horizontal structure of the composite vortex, Fig. 8a shows that the tropopause potential temperature is 280 K in the vortex core averaged over all seasons. The larger gradient south of the vortex core results from the background meridional potential temperature gradient, with warmer potential temperature in the southern portion of the domain on average. The 500-hPa geopotential height exhibits a similar pattern, with the lowest height in the vortex core, 5110 m, and the highest height, ;5350 m, located roughly 1500 km southwest of the vortex core of (Fig. 8b) .
Vertical east-west cross sections through the composite vortex reveal cold (warm) temperature anomalies of 28.5 K (15.5 K) relative to the background are centered on the vortex under (above) the tropopause (Fig. 9a) . Anomalous winds are cyclonic around the vortex core, with maximum speeds of about 14 m s 21 400 km from the vortex core near the steepest slope in the tropopause (Fig. 9b) . A positive EPV anomaly is located above the composite tropopause, with the greatest anomalies of ;4 PVU near the background tropopause (Fig. 9c) . A downward intrusion of relatively drier, stratospheric, air is evident as a negative relative humidity anomaly of over 25% centered near the background tropopause in the vortex core (Fig. 9d) . In contrast, relative humidity is anomalously high under the vortex tropopause, and slopes upward and eastward relative to the vortex. This pattern of anomalously high (low) relative humidity under (over) the vortex core increases the relative humidity gradient across the tropopause (cf. Fig. 6b ), which is important for the radiative creation of EPV as will be shown below.
Composite west-east cross sections of the potential temperature diabatic tendency terms on the right-hand side of (3) are shown in Fig. 10 . Total diabatic heating rates are negative, except in the lowermost troposphere near the region with anomalously high relative humidity (Fig. 10a) . The largest cooling rates are found along the tropopause, particularly inside and to the east of the vortex. This pattern results in anomalous diabatic cooling (heating) centered on the vortex (background) tropopause (Fig. 10b) . Radiative cooling rates are less than 20.6 K day 21 at all locations, with the largest cooling rate of 22 K day 21 on the tropopause in the vortex core (Fig. 10c) . The anomalous radiative heating rate pattern is similar to the anomalous total diabatic heating rate pattern, with cooling (heating) centered on the vortex (background) tropopause (Fig. 10d) . Latent heating rates are positive above ;925 hPa and greatest east of the vortex core, reaching around 12 K day 21 (Fig. 10e) . Below this level, latent cooling is consistent with sublimation or evaporation below a precipitating cloud layer, which are frequently observed in the Arctic throughout the year (e.g., Curry et al. 1996; Walsh et al. 2009 ). Anomalously large latent heating rates are present below and to the east of the vortex core (Fig. 10f ) in the region of anomalously large relative humidity.
The anomalous latent heating pattern suggests an asymmetry in the vertical motion field relative to the vortex core. Indeed, results show ascent is greatest ;400 km east of the vortex core near 600 hPa, and there is an additional region of ascent ;800 km east of the vortex core (Fig. 11a) . A region of relatively weaker descent is centered ;300 km west of the vortex core near the tropopause, extending across the vortex core (Fig. 11a) . Because of the latitudinal range of the domain, we expect a zonal gradient in temperature to be balanced by vertical wind shear, which we subsequently refer to as the background shear. We hypothesize that this vertical motion pattern is forced both radiatively and by the mean background shear across the vortex. Specifically, the anomalous gradient in radiative heating (see Fig. 10d ) is expected to force a nearly symmetric circulation with subsidence in the vortex core surrounded by ascent on the vortex peripheries (e.g., Eliassen 1952; Zierl and Wirth 1997) , whereas the presence of mean shear across the vortex is expected to produce a dipole of vertical motion across the vortex with rising motion located downshear of the vortex core. To qualitatively assess the relative size of these contributions, the vertical motion is separated into components symmetric (Fig. 11b) and asymmetric (Fig. 11c) relative to the vortex core. The asymmetric component of the vertical motion is defined at each level by w a (x) 5 w(x) 2 w(2x), and the symmetric component by w s (x) 5 w(x) 2 w a (x), where w is the vertical motion field and x is the zonal direction with the origin (x 5 0) located at the vortex core. The asymmetric portion dominates, and is qualitatively in accord with eastward motion of the vortex, based on expectations of positive (negative) geostrophic vorticity advection by FIG. 8. Composite (a) tropopause potential temperature (contour interval is 2 K) and (b) 500-hPa geopotential height (contour interval 30 m) centered on the vortex core. the thermal wind [e.g., Bluestein 1992, his Eq. (5.7.42)] east (west) of the vortex core where air is rising (sinking).
The corresponding composite EPV anomaly cross sections from the right-hand side of (2) are shown in Fig. 12 . Anomalous EPV generation of 0.28 PVU day 21 at 450 hPa is located roughly 100 hPa above the vortex tropopause (Fig. 12a) . Anomalous EPV generation extends downward below the background tropopause to nearly 600 hPa and upward to approximately 350 hPa. A similar pattern is present in the anomalous EPV tendency from the radiative diabatic component, except with slightly larger magnitude for EPV generation in the vortex compared to the full diabatic term (Fig. 12b) . EPV destruction from latent heating extends from ;750 hPa upward to 400 hPa (Fig. 12c) . EPV tendencies from all other diabatic components are small in comparison to the full diabatic term (Fig. 12d) .
These results show that, for a large sample of TPVs in the Canadian Arctic, cyclonic EPV generation is present in the vortex, and therefore there is a tendency for cyclonic TPVs to intensify on average due to radiative processes. The anomalous EPV tendency pattern may be understood by appealing to the vertical vorticity component term in (2), so that DP/Dt ' (z a /r)(› _ u/›z). Comparison of Figs. 12a,b to 10b,d suggest that the EPV generation is largely established by the enhanced vertical heating gradient from anomalous radiative cooling (heating) at the vortex (background) tropopause. As there is also a qualitatively similar relative humidity pattern with an enhanced vertical relative humidity gradient near the tropopause (cf. Fig. 9d ), we hypothesize that changes in the vertical moisture distribution play an important role in creating the radiative anomalies that result in the vortex intensification seen here. The specific role that changes in vertical moisture gradients may have on vortex intensity change is beyond the scope of the present study, and will be explored in future research. 
b. Seasonal variability
While it is well known that Arctic temperature and radiative fluxes have large seasonal variations (e.g., Peixoto and Oort 1992, see their chapter 6; Serreze et al. 2007) , it is unclear if or how these variations affect TPV intensification. For example, with seasonal surface temperature variations of over 50 K in some regions of the Arctic (e.g., FIG . 10. Composite west-east cross-vortex sections of the (a) total diabatic heating rate, (b) total diabatic heating rate anomalies, (c) radiative heating rate, (d) radiative heating rate anomalies, (e) latent heating rate, and (f) latent heating rate anomalies. Units are in K day 21 and the contour interval is 0.3 K day 21 in (a),(c),(e) and 0.2 K day 21 in (b),(d),(f). The thick, solid (dashed) black contour is the composite (background) tropopause. The 0 contour is denoted by the thin, solid contour.
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Peixoto and Oort 1992, see their chapter 7), large variations in latent heating might be expected due to the exponential relationship between temperature and saturation vapor pressure. Here we briefly examine the seasonal dependence of TPV structure and intensity tendency for the 2-yr period of interest.
Comparing seasonal composite tropopause potential temperature anomalies reveals that they are largest during the winter and spring, with anomalies of 225 and 227 K, respectively (Figs. 13a,b) , compared to 221 and 222 K in summer and autumn, respectively (Figs. 13c,d ). This result is similar to those of Hakim and Canavan (2005) , where it was found that cyclone amplitude is smallest in summer. The horizontal scale of the composite vortex anomalies varies little, but is smallest in winter and autumn (Figs. 13a-d ). Comparing vertical cross sections by season indicates that the magnitude of the temperature anomalies is considerably larger in summer, particularly in the lower stratosphere, with anomalies of 16.5 K compared to 12.5 K in winter (Figs. 14a,b) . We hypothesize that this additional warming is due to the absorption of solar radiation by ozone, which is absent in the winter. Relative humidity anomalies exhibit a pattern similar to temperature, with much larger anomalies in the summer (Figs. 14c,d ). In contrast, radiative heating anomalies above the tropopause are of nearly the same magnitude in both the winter and summer, except the vertical extent is larger in the summer. Moreover, stratospheric warming is found on larger horizontal scales than the vortex anomalies, which again is potentially due to ozone. Radiative cooling is considerably stronger near the vortex tropopause in summer (Figs. 14e,f) , with the anomalies shifted upward by ;100 hPa relative to winter. This shift appears to be collocated with the area of anomalously large vertical gradient of relative humidity near the vortex core (cf. Figs.  14c,d) .
The upward shift in the radiative heating anomalies is important because it implies an upward shift in the region of EPV generation into the lower stratosphere in summer. Results largely confirm this expectation, with smaller EPV tendencies roughly two-thirds as large in magnitude in winter, except for slightly larger values on the tropopause inside the vortex (cf . Figs. 15a,b) . A similar pattern is found for the EPV tendency due to radiation (cf. Figs. 15c,d) , with the EPV tendency roughly half as large in magnitude in winter. The EPV tendency from latent heating also exhibits a strong seasonal difference, with maximum EPV destruction on the tropopause only about 40% of the summer value (Figs. 15e,f) . These seasonal differences are consistent with those due to warmer clouds of greater optical thickness, with higher latent heating rates inside the cloud, and stronger cloudradiative effects in regions of increased hydrometeor gradients as would be expected in summer. These results suggest that an interesting sensitivity may exist in the relationship between radiative and latent heating processes. With globally averaged surface temperatures predicted to continue to increase over the next century (Solomon et al. 2007) , and Arctic temperature increases expected to be greater than the global average due at least in part to an ice-albedo positive feedback (e.g., Cess et al. 1991) , further examination of this sensitivity is of particular interest for future work.
Summary and conclusions
A previous case study showed that TPV intensification was due to radiative processes (CH09), which motivated the hypothesis explored here that cyclonic TPV maintenance and intensification is radiatively driven. Diabatic mechanisms that affect cyclonic tropopause polar vortex (TPV) intensity were quantified using a mesoscale numerical model and a potential vorticity framework on a large sample of cases. The geographical region of interest was chosen based on previous studies that identified regions of largest TPV density (Hakim and Canavan 2005) and intensification (CH09) near Baffin Island in the Canadian Arctic. Objective criteria were used to identify vortices in the model gridded data, yielding a sample of 568 events.
The composite results support the hypothesis, showing that there is an average tendency for TPVs to diabatically intensify in the Canadian Arctic, and that radiation is the dominant component of intensification. While latent heating had a significant affect on vortex intensity by destroying EPV near the tropopause, the magnitude was approximately two-thirds the magnitude of radiation; all other diabatic tendencies were small in comparison. Moreover, seasonal composite EPV tendencies showed that radiation intensifies vortices on average during both the summer and winter, despite the fact that solar radiation is absent (nearly continuous) in winter (summer). Furthermore, while EPV destruction due to latent heating increases in the summer, radiative EPV creation also increases. However, the radiatively generated region of EPV in the vortex shifts slightly upward, away from the tropopause in the summer, and therefore no additional intensification is apparent at that level. Composite diabatic tendencies further revealed that the radiative EPV creation in the vortex core is associated with an enhanced vertical radiative heating gradient across the vortex tropopause. This enhanced gradient arises from anomalously large radiative cooling centered just under the vortex tropopause, and anomalously small radiative cooling in the lower stratosphere near the level of the background tropopause. The radiative cooling pattern in the vortex is qualitatively similar to the composite relative humidity anomalies.
The vertical distribution of the background longwave radiative cooling rates found here agree reasonably well with those predicted by Manabe and Strickler (1964) , and the particular longwave radiation scheme (Mlawer et al. 1997) used to obtain the results here has been validated with line-by-line calculations, which have also been validated with observations (Clough and Iacono 1995) . With regard to latent heating, the resulting EPV tendencies exhibit the same patterns of EPV destruction (creation) in upper (lower) atmospheric levels seen in midlatitude storm systems (e.g., Davis and Emanuel 1991; Davis 1992; Stoelinga 1996; Lackmann 2002) . Although the magnitude of the latent heating rates is considerably smaller here, they are qualitatively consistent with expectations given the relatively colder Arctic temperatures. Low-level latent heating patterns suggest frequently occurring clouds, consistent with observations from radar and lidar, which show a high frequency of cloud cover in the Arctic, with an annual cloud cover frequency of 85%, and a cloud base most frequently 0.2521.0 km above the ground (Intrieri et al. 2002) . . The thick, solid (dashed) black contour is the composite (background) tropopause. The total number of samples used in the vortex composite for DJF is 132 and 146 for JJA. The 0 contour is denoted by the thin, solid contour.
In terms of vortex structure, the Arctic tropopause cyclones studied here have properties comparable to coherent tropopause disturbances in the Northern Hemisphere presented in Hakim (2000) . While the coherent tropopause disturbances of Hakim (2000) were defined using different filtering techniques than the Arctic tropopause cyclones shown here, and were not regionally constrained, many of the characteristics are similar, most notably a lowered tropopause to ;550 hPa, and tropopause potential temperature anomalies around 20 K. Furthermore, cyclonic TPVs exhibit slightly smaller radii scales in the present study, with mean radii of 465 km compared to 500-800 km. Vertical motion exhibits an asymmetric dipole pattern across the vortex, with rising air downshear and sinking air upshear of the vortex. Sinking air overlaps the vortex core, consistent with enhancement of vorticity near the tropopause by vortex stretching. We attribute the dipole pattern to a balanced circulation due to the vertical shear near the vortex associated with the average meridional temperature gradient, and sinking air in the vortex to a balanced circulation in response to radiative cooling near the vortex tropopause.
Results here suggest a possible connection between vortex intensification and radiative processes associated with moisture anomalies, especially with anomalously dry stratospheric air and moist tropospheric air. Latent heating, which adversely affects vortex intensity, is limited by the cold temperatures of the Arctic, and this may be a factor that inhibits the intensification of cold-core vortices in warmer background environments. Future research will be devoted to idealized experiments designed to explore these relationships. Finally, as the Arctic warms and sea ice declines (e.g., Comiso et al. 2008) , the relative importance of latent heating may increase, and thus could have an effect on vortex intensification. This is also a natural topic for a future study.
